Abstract. To identify genetic markers associated with economic traits in pigs, 157 microsatellite markers were examined in Yorkshire pigs. Thirty eight female Yorkshire pigs were initially examined and six of them were selected as progenitors; half were more than 1.5 standard deviations (SD) above the mean for average daily gain (ADG) and backfat thickness (BFT), and the remaining half were more than 1.5 SD below the mean. These pigs were then mated to male Duroc pigs, and 200 F2 pig offspring were examined for the association of specific alleles with ADG and BFT. To confirm the specific markers identified in the initial analysis, associations of significant markers with economic traits were further examined in 228 additional performance-tested purebred pigs. Twenty-five microsatellite markers were significantly associated with either ADG or BFT, and among these, 17 were associated with both traits. The markers with the highest association to ADG were also associated with BFT. Our study reveals that specific markers could be used to predict economic significance, and confirms several quantitative trait loci (QTL) identified in previous studies. However, further analysis with more closely-spaced microsatellite markers is required to refine predictive values for economic traits and positions of QTL that are reliable for actual phenotypic prediction.
Other chromosomal regions containing QTL for economic traits have been identified on SSC 1, 2, 4, 7, 12, and 14. Specific genes and chromosomal regions associated with QTL have been reported previously [6, 10-13, 15, 20] .
The chromosomal positions for QTL associated with economic traits in pigs have been studied using association analyses [22] , a candidate gene approach [5, 18] , and genome scans [1-3, 13, 19] . Most QTL in pigs have been identified using the genome scan method on crosses using wild boar [1, 10] or Chinese Meishan pigs [14, 15, 20] . QTL positions associated with fatness (back fat thickness, BFT) and growth (average daily gain, A D G ) w e r e i d e n t i f i e d o n S S C 4 t h r o u g h intercrosses between wild boar and Large White pigs [1] . This QTL on SSC 4 has also been confirmed in other pig strains [13, 21] . Despite these findings, however, many of the QTL identified so far may be specific to the strain of experimental animals evaluated. Instead of relying only on QTLs, in this study, the association between the alleles of microsatellite markers and economic traits, ADG and BFT, was studied in Yorkshire pigs. To avoid pre-determined selection criteria and bias, 157 possible microsatellite markers were evaluated for their association with economic traits.
Materials and Methods

Experimental design and trait analysis
Two hundred female Yorkshire pigs were evaluated as progenitors at the National Livestock Research Institute and Geochang Pig Farm, from which 38 pigs were selected for analysis; half were more than 1.5 standard deviations (SD) above the mean for ADG and BFT, and the remaining half were more than 1.5 SD below the mean. Among the 38 pigs carefully evaluated, 6 pigs 3at (random from the above-average group, and 3at random from the below-average group) were selected and used as the F0 generation for intercross with male Duroc pigs, which are commonly used in breeding programs for swine production in Korea. From these intercrosses, 77 F1 pigs were born. For the F2 generation pigs, 6 male and 12 female pigs from among the 77 F1 hybrids were selected on the basis of ADG and BFT values. Consequently, 200 F2 pigs were born and used in the association study. The traits measured were birth weight, weaning weight, weight at 21 days, ADG, and BFT [4] . ADG=(ending weight-beginning weight)÷(number of days between measurements) BFT=ending backfat thickness + {(90 kg-ending weight) × ending backfat thickness ÷ (ending weight-11.34)}
An additional 228 performance-tested purebred pigs from the Second Korea Swine Testing Association were selected and used to confirm the association between measured traits and the markers identified from the crosses.
Microsatellite markers
We selected 157 microsatellite markers from the USDA-MARC linkage map of the 18 porcine autosomes ( 
PCR and genotype analysis
The 5' end of each forward primer was labeled with fluorescent dye (Fam, Hex, or Ned, Applied Biosystems, USA). PCR amplifications were carried out in a GeneAmp PCR system 9600 or 9700 ( A p p l i e d B i o s y s t e m s ) , w i t h 3 5 c y c l e s o f denaturation at 94 C for 15 sec, annealing at 50-60 C for 1 min, and extension at 72 C for 1 min.
To check the genotype of each microsatellite, 10
µl from each reaction was precipitated by adding 30 µl of ethanol. The DNA was resuspended in 12 µl deionized formamide. Genescan internal size marker (400 HD, Applied Biosystems) was added to 0.5 µl of DNA (200 ng), and the sample was denatured for 5 min at 95 C. Due to the differences in PCR fragment sizes and the kind of fluorescent dye used, multiple PCR reactions could be carried out simultaneously using multi-injection in a capillary-based Genetic Analyzer (ABI310, PerkinElmer, USA). The data was analyzed using the Genescan fragment analysis software (version 2.1) and Genotyper software (version 2.0).
Statistical analysis
The map distance among the microsatellite markers examined in this study had previously been characterized and confirmed. In the present investigation, therefore, linkage analysis using the pedigree was omitted. To verify the relationship between the markers and traits, statistical analysis was performed using the allele appearance ratio of the marker and trait values.
An analysis was performed of the genotypes and markers associated with ADG and BFT using the SAS software (Statistical Analysis Systems, 1995). The relationship between ADG and BFT and the allele of each of the 157 markers was examined by ttest. In the F2 population, the representation rate for the alleles between two groups (pigs >1.5 SD above the average and pigs >1.5 SD below the average) was checked by χ 2 analysis. The t-test was used to correlate each microsatellite marker to ADG and BFT in the 228 performance-tested pigs from the Second Korea Swine Testing Association.
Results
Statistical analyses of the markers' relationships to ADG and BFT was carried out under the assumption that they were in accordance with their respective positions on the existing USDA linkage map. In this research, we concentrated our efforts on finding relationships between economic traits and identified microsatellite markers throughout the genome, rather than on confirming linkage mapping already demonstrated by many other studies.
First, we determined the genotypes of 157 microsatellite markers in the 6 F0 pigs that were more than 1.5 SD above or below the mean. Among the 157 microsatellite markers, we identified 60 markers in which one allele or genotype appeared at a significantly higher frequency between the two groups. These 60 markers identified on the basis of F0 pig screening were further tested through analysis in the genotypes of 200 F2 pigs.
For each marker tested, all 200 F2 pigs (from both above-average and below-average parents) were sorted by allele. For each allele of each marker, we calculated the mean ADG for that group of pigs. We identified specific alleles of 18 markers for which ADG was significantly different in pigs with or without these alleles (Table 2 ). Using the same method, we identified specific alleles of 24 markers for which the mean BFT was significantly different in pigs with or without these alleles (Table 3 ). In addition, 17 out of 18 microsatellite markers related to ADG value were also associated with BFT value. One marker was associated with only ADG, and 7 markers were associated with only BFT. All markers with alleles identified in this screening were marked according to their chromosomal map location (Table 1) .
We reanalyzed the represented genotypes of each microsatellite marker. The analysis of genotype was carried out with a t-test, as in Tables  2 and 3 , dividing the negative group, in which the allele/genotype did not appear, and the positive one, in which it did appear. Most of the genotype results were similar to those from analysis by allele (data not shown).
We tested whether the same result was found by dividing the 200 F2 pigs into two groups based on their lineage from the two groups of F0 pigs. In the case of ADG, most of the markers were not significantly different when we compared the F2 pigs derived from the -1.5 SD group versus the +1.5 SD group (Table 4) . This indicates that most of the markers that affected ADG were not represented differently between the two groups, 1.5 SD above or below average. However, in the case of BFT, we f o u n d t h a t 1 9 o u t o f 2 4 m a r k e r s s h o w e d significantly different representations between the two groups (Table 5) . It is possible that the relationship between these microsatellite markers and the economic traits might apply only to the small number of animals chosen for breeding in these experiments. We therefore confirmed the relationship between the selected markers and traits using 228 performancetested pigs randomly chosen from the Second Korea Swine Research Institute. Among the 18 markers related to ADG value, the relationships of the SW256, SW2404, SW353, and S0102 markers to ADG value were reconfirmed in the performance-tested pigs (Table 6 ). Among the 24 markers related to BFT value, the relationships of the SW373, SW256, SW835, SW2404, SW353, SW864, SW964, and S0355 markers to BFT value were also reconfirmed in the performance-tested pigs (Table 7) . To increase the accuracy of the markers related to ADG and BFT values, we i d e n t i f i e d t h e r e l a t i o n s h i p b e t w e e n t h e microsatellite markers and traits in the F0 to F2 pedigrees, and the relationships of the selected m a r k e r s w e r e t h e n r e c o n f i r m e d i n t h e performance-tested pigs.
Discussion
By selecting 6 female Yorkshire pigs above and Lo/hi indicates pigs that were >1.5 SD below/above average for BFT. 0/1 indicates the absence/presence of alleles in markers. below the mean for ADG and BFT and genotyping microsatellite markers, this study was able to test the heredity of specific alleles in an F2 population produced by intercross with male Duroc pigs. We tested if the markers found in the F0 population would show the same result in the F2 generation, and then identified independent succession of alleles from F0 to F2. Based on these analyses, we found that 18 and 24 markers were closely related to ADG and BFT, respectively. While concentrating our efforts on SSC 4 and 7, known to have a close relationship to ADG and BFT, we did analyze markers on all 18 autosomes. One or more markers on SSC 1, 2, 4, 5, 6, 9, 10, 11, 13, 14, and 15 were shown to have some correlation with these traits, but no linkage was found on the remainder of the chromosomes. As ADG and BFT are often positively correlated with each other, 17 of the markers that were linked to either trait turned out to be related to both traits. There was only 1 marker associated with ADG, and 7 markers were associated with BFT only. The association of each marker with both ADG and BFT was confirmed using three different methods of correlation, by allele, genotype, and group. Thus, a relation to economic traits was f o u n d r e g a r d l e s s o f t h e a n a l y s i s m e t h o d . C o m p a r i n g t h e r e s u l t s o f m a r k e r s i n t h e backcrossed lines (Tables 2, 3 ) with those of markers using performance-tested pigs (Tables 6,  7) , the latter group usually included more alleles for each marker because it did not compose a family line. Most of the 25 markers associated with ADG and BFT (1 related only to ADG, 7 related only to BFT, and 17 associated with both ADG and BFT) were confirmed in their relationship to economic traits by the results from performancetested pigs. Several markers were associated with economic traits in a similar pattern at the same allele and genotype in the 228 performance-tested pigs compared to those of the backcrossed line. There were 6 markers for ADG and 8 markers for BFT.
Examining the chromosomal regions that had some relation to economic traits, we found that even though 26 markers were used on SSC 4, only 3 markers affected ADG and BFT. On SSC 7, we discovered that 4 markers were associated with 2 QTL. There were fewer markers related to traits on these two chromosomes than had been anticipated. In addition, the results for SSC 4 pointed to a relation to ADG and BFT at a position different from previous results. In this investigation, we found a strong association between ADG and BFT and microsatellite markers at SW2404 (0.0 cM) and SW2547 (29.8 cM). However, Andersson et al. (1994) and Walling et al. (2000) found that QTL for fat and BFT traits was localized between 60 cM and 80 cM. Knott et al. (1998) clarified that the strongest correlation was between S0175 (61 cM) and S0107 (65 cM), not at the position between S0001 (45 cM) and S0175 (65 cM), which had been formerly known as the QTL position for fatness traits on SSC 4.
In the case of SSC 7, the relation to ADG and BFT was confirmed at positions 70 cM, 90 cM, and 139 cM. Although previous studies discovered QTL at the position of 40-70 cM [6, 13, 16, 17, 20] , a novel correlation to BFT was found at 90 cM and 139 cM in this study. In the case of SSC 1, previous studies found an association with BFT at various positions [6, 17] . In this study, it was clear that two markers-SW2185 (67.6 cM) and SW373 (119.5 cM)-had a strong relationship with the traits studied. Paszek et al. (1999) reported an important QTL for ADG at weaning and at 56 kg between SW373 and SW1301 in SSC 1. The relationship to ADG at SW373 was also confirmed. In the case of SSC 6, previous studies have correlated a region of this chromosome to meat quality, including intramuscular fat (IMF) content [7, 8] . In this study, a relationship was found for this region to ADG and BFT at SW353 (102.5 cM) and SW1881 (121.1 cM). Recent research by Ovilo et al. (2000) also showed a connection with IMF and BFT at 97-98 cM, near SW1881, the same position found in other studies.
Studies of chromosomal regions related to economic traits always exhibit some differences in the positions identified because of differences in the e x p e r i m e n t a l a n i m a l s u s e d a n d p o t e n t i a l experiment error even though many genetic researchers have made great efforts to pinpoint the positions with the highest relationship to traits. In addition to the candidate genes that are found thus far in this study, further efforts should be made to investigate the exact QTL regions related to economic traits, and to search for the markers and genes that are most closely associated with e c o n o m i c t r a i t s . B y u s i n g p o l y m o r p h i c microsatellite markers in this research, the effect of a specific inherited allele on two traits in a family line was examined. While analyzing markers across the entire genome, some markers were correlated at the same positions found in previous studies, and we also obtained some novel correlation results at totally different positions. Considering how many QTL positions are related to actual economic traits, in this investigation, 25 out of 157 microsatellite markers in pigs were determined to have some relation to the economic traits examined.
